Carefoot, J. P. and Whalen, J. K. 2003. Phosphorus concentrations in subsurface water as influenced by cropping systems and fertilizer sources. Can. J. Soil Sci. 83: 203-212. Over-fertilization of agricultural soils with P has been linked to water pollution, and it is becoming apparent that subsurface P losses can be substantial. The silty-loam Gleysol chosen for this study contained 146 mg Mehlich-3 P kg -1 , which exceeds the critical limit (66 mg Mehlich-3 P kg -1 ) for Québec. Equal quantities of fertilizer P (45 kg P ha -1 ) were applied from inorganic (triple superphosphate) and organic (composted cattle manure) sources to corn-corn and corn-soybean rotations. We evaluated crop production, the Mehlich-3 P and degree of soil P saturation levels, and the P concentration in subsurface water. Crop yields were unaffected by the fertilizer source, and only 31 to 67% of the P applied over a 2-yr period was exported, suggesting that the P fertilizer rate, chosen to match the P requirements of the corn crop, was excessive. After 2 yr, surface (0 to 15 cm) soils contained 149 to 199 mg Mehlich-3 P kg -1 and the Mehlich-3 (P/Al) saturation ratio (DSPS M3 ) ranged from 0.10 to 0.14. Subsurface water from piezometers installed to a 60-cm depth contained between 0.3 and 1.7 mg total P L -1 , and particulate P was the dominant P form at most sampling dates. Mehlich-3 P was positively correlated with dissolved reactive P, whereas the DSPS M3 was positively correlated with the total P and particulate P concentrations in subsurface water. We conclude that these soil test parameters could be useful indicators of subsurface P losses from Québec soils.
The movement of agricultural P via surface processes is well studied and related to factors such as soil chemical and mineralogical properties, soil test P (STP) levels, agricultural management, landscape position and climate (Sharpley et al. 1996; Leclerc et al. 2000; Sims et al. 2000) . It is becoming apparent that substantial quantities of P are transported through subsurface processes, particularly in organic soils, coarse-textured soils, and soils that have been over fertilized with P relative to crop requirements (Sims et al. 1998) . The movement of agricultural P can occur through matrix flow and preferential flow, and preferential flow may be the most important pathway for transporting P to agricultural drains (Gächter et al. 1998; Simard et al. 2000) . In Quebec, total P losses from poorly drained clay soils through tile drainage may range from 0.01 to 1.17 mg P L -1 or higher (Beauchemin et al. 1998; Simard et al. 2000) .
Particulate P (> 0.45 µm) tends to be the dominant form of P transported to tile drains, perhaps because most of the dissolved P (< 0.45 µm) is adsorbed by the soil matrix; however, the quantity of P leached is affected by soil texture, tillage and cropping practices, and rainfall events (Sims et al. 1998; Simard et al. 2000) .
There is a growing need to devise methods of predicting subsurface P losses that account for preferential flow pathways and other soil properties that affect P sorption-desorption and leaching through the soil profile. Soil test P has been proposed as an indicator of P leaching because the quantity of total P leached increases rapidly above a STP level referred to as the "change point". Heckrath et al. (1995) found that concentrations in tile drains were less than 0.3 mg total P L -1 when STP was less than 60 mg Olson-P kg -1 , but increased to more than 2.5 mg total P L -1 when soils contained between 60 and 100 mg Olson-P kg -1 . They considered 60 mg Olson-P kg -1 to be the "change point" where leachate P concentrations increased rapidly per unit increase in STP. Subsequent studies have detected change points between STP (Olson-P, Mehlich-3 P) and P in subsurface drainage (Hesketh and Brookes 2000; McDowell and Sharpley 2001a; Maguire and Sims 2002) .
The degree of soil P saturation (DSPS) has also been suggested as an indicator of subsurface P losses because it measures the proportion of P sorption sites in a soil that are saturated. Leinweber et al. (1999) found that total P concentrations in lysimeters under 20 field sites in Germany were correlated with the DSPS, measured as the ratio of acid ammonium oxalate-extractable P to oxalate-extractable Al and Fe. Other researchers have shown that the potential for P leaching increases greatly when the DSPS, based on oxalate-extractable P, Al and Fe, exceeds 25% (Maguire et al. 2001; McDowell and Sharpley 2001b) . In Quebec, the DSPS method based on the ratio of Mehlich-3 extractable P to Mehlich-3 extractable Al has been adopted for acid soils with less than 6 g kg -1 of oxalate-extractable Al (Beauchemin and Simard 1999; Khiari et al. 2000) . Maguire and Sims (2002) found that dissolved reactive P leached from intact soil cores related better to the DSPS [Mehlich-3 extractable P/(Mehlich-3 extractable Al + Mehlich-3 extractable Fe)] than STP values. In Delaware, soils with a DSPS >0.11 are considered to have above-optimum levels of P, and those with a DSPS >0.15 may require remedial action to reduce the potential for nonpoint source P pollution by runoff and leaching . Knowledge of the STP and DSPS levels in agricultural fields, in addition to soil chemical and hydrological properties, may be used to protect or improve subsurface water quality.
Management practices have been adopted in many regions to reduce the quantity of P transported to waterways through overland flow. One strategy is to require that P fertilizer applications match crop P needs when STP levels exceed a critical limit. In Quebec, a critical level of 66 mg Mehlich-3 P kg -1 was established in 1999 (Ministère de l'Environnement du Québec 1999). Yet, the quantity of P transported via subsurface pathways may remain high, particularly if the site is fertilized with organic residues because organic P is sorbed less strongly than inorganic P and thus may be leached (Frossard et al. 1989; Simard et al. 1995; Zheng et al. 2001 ). The quantities of P leached through soil increase after manure applications; 1 yr after dairy manure was applied, between 0.03 and 3.18 mg total P L -1 was measured in leachates from intact soil cores (McDowell and Sharpley 2001b ). Yet, it is difficult to know whether the downward migration of P in soils with a history of manure applications is due to the form of P applied or the quantity of P applied, since manure applications based on crop N requirements generally supply more P than required by crops.
In this study, we chose a soil that had, on average, 146 mg Mehlich-3 P kg -1 , which exceeds the critical limit for Québec. We applied an equal quantity of P to soils from inorganic P fertilizer (triple superphosphate), organic P fertilizers (composted cattle manure) or mixtures of the two fertilizers. Our working hypothesis was that subsurface P losses would increase as the proportion of P applied from the organic fertilizer source increased. The objective of this study was to test the effect of inorganic and organic P fertilizers on crop production, Mehlich-3 P and DSPS levels, and the concentration of P in subsurface water. We also report the effect of inorganic and organic fertilizers on soil mineral N pools and the concentrations of dissolved C and N in subsurface water.
MATERIALS AND METHODS
The study site was located on the Macdonald Research Farm, Ste. Anne de Bellevue, Quebec. Mean monthly temperature range from -10.3°C in January to 18.0°C in July, with mean annual precipitation of 940 mm (Environment Canada Atmospheric Environmental Branch, unpublished data). The soil, a Humic Gleysol (fine-silty, mixed, frigid Typic Endoaquent), contained a silt-loam layer (mean thickness 28 cm) underlain by sand (mean thickness 6 cm) and clay starting at depths below 34 cm, on average. The top 15 cm of the silty-loam layer contained 300 g kg -1 of sand, 540 g kg -1 of silt and 160 g kg -1 of clay with 15.4 g C kg -1 , 1.24 g N kg -1 and pH 6.1. From 1991 to 2000, when this study began, the site was a conventionally tilled for grain corn (Zea mays L.) production and the nutrients required were supplied in liquid hog manure, urea and triple superphosphate fertilizers. Selected soil properties (0-to 15-cm depth) in the spring of 2000, before the experiment began, are provided in Table 1 .
Experimental Design
The site was disked on 2 May 2000 with a tandem disk prior to plot establishment, and laid out in a factorial (tillage × crop rotation) design. There were two tillage treatments (notill or conventional tillage) and three crop rotations (corn/soybean, soybean/corn or continuous corn), for a total of six factorial treatments. The factorial main plots were 20 m by 24 m, and were arranged in a randomized complete block design with four blocks, for a total of 24 main plots. A 3-m-wide unplanted alley separated the main plots within a block and an 8-m-wide unplanted alley separated the blocks. After plot establishment, no additional tillage operations were done on the no-till plots, but conventional tilled plots were tilled with a tandem disk each spring before seeding and with a mouldboard plough each fall after harvest. , at a rate of 400 000 seeds ha -1 . Plots under corn production received 50 kg N ha -1 from NH 4 NO 3 banded at seeding. Additional NH 4 NO 3 was sidedressed at the four-to five-leaf stage (about 1 mo after seeding) based on the assumption that 25% of the N in composted cattle manure would be available for corn uptake during the growing season. We estimated that 15 Mg ha -1 (wet weight) of composted manure would provide 50 kg ha -1 of plant available N, 30 Mg ha -1 of composted manure would provide 100 kg N ha -1 , and 45 Mg ha -1 of composted manure would provide 150 kg N ha -1 . No NH 4 NO 3 fertilizer was applied to soybeans.
Crop and Soil Analyses
Corn yields were determined by harvesting the grain and stover of 20 plants randomly selected from the center of each split plot. Soybean grain yield was determined by combining a swath 3 m wide by 20 m long in the center of each split plot. Grain and stover samples were then oven-dried (70°C) to calculate yield on a dry matter basis, finely ground (<1 mm mesh), digested [H 2 SO 4 /H 2 O 2 digestion (Parkinson and Allen 1975) ] and analyzed for total N [cadmium reduction-diazotization method on a Lachat Quik-Chem AE flowinjection autoanalyzer (Lachat Instruments, Milwaukee, WI)] and total P [molybdenum blue method (Murphy and Riley 1962) ].
Soil samples were taken in the fall after harvest, but before fall tillage, at 0-to 15-cm, 15-to 30-cm, and 30-to 60-cm depths using a tractor-mounted soil auger. Soil samples for each depth were composites of two cores (7.5-cm diameter) removed from each split plot. Mineral N (NH 4 -N and NO 3 -N) concentrations were determined in 2 M KCl extracts of sieved (<2 mm mesh) field-moist soils from the 0-to 15-cm depth within 2 wk of collection (Maynard and Kalra 1993) . Soils were then dried in a forced-air oven (60°C for 48 h), and finely ground (<2 mm mesh sieve). Soils were extracted with Mehlich-3 solution (1:10 soil:solution) after shaking for 5 min at 130 rpm (Mehlich 1984; Tran and Simard 1993) . Phosphate concentrations in Mehlich-3 extracts were evaluated by the molybdenum blue reaction (Murphy and Riley 1962) , and the Al concentration was analyzed by atomic absorption spectrometry. The concentrations of Mehlich-3 P and Mehlich-3 Al were used to calculate the degree of soil P saturation (DSPS M3 ) in each soil depth (Eq. 1).
The DSPS M3 satisfactorily predicts the P sorption capacity in the A and B horizons of neutral to slightly alkaline, gleyed soils from Quebec that contain < 6 g kg -1 of oxalateextractable Al (Beauchemin and Simard 1999) . Therefore, it should be suitable for our study because soils at the site (0 to 15 cm) contained 2.9 g kg -1 of oxalate-extractable Al.
Soil Water Collection and Analysis
Piezometers were installed in the 48 plots under conventional tillage to a depth of 60 cm in October 2000 and October 2001 after harvest and fall tillage operations and removed in April 2001 and May 2002 before spring field operations. The piezometers were galvanized aluminum tubes (71 cm long, 4.8 cm internal diameter) with two 0.25-cm holes located 9.5 cm from the sealed bottom. A soil core 5 cm in diameter was removed from the 0-to 60-cm layer of the soil profile with a tractor-mounted soil auger. After piezometers were inserted into each hole, the open end above the soil surface was capped. The diameter of the hole was the same as the outer diameter of the piezometer, ensuring that we achieved a snug installation and probably did not create conditions that would cause preferential flow around the piezometers, although the subsurface water collected in piezometers could have originated from matrix or preferen- We were unable to collect water samples from all piezometers at each sampling date because of lower-than-normal precipitation during the study period and variation in drainage across the field site. The data presented are from the six sampling dates when between 60 and 100 mL of water was collected from more than half of the piezometers (n > 24).
One-half of each water sample was filtered (<0.45 µm) and analyzed for molybdate reactive P and total P, total dissolved C, NO 3 -N, and total N. Total P in unfiltered water samples was also determined. The concentrations of molybdate reactive P and total P [persulfate digests of filtered and unfiltered water samples (Williams et al. 1995) ] were determined colorimetrically with the ammonium molybdateascorbic acid method (Murphy and Riley 1962 ) on a Lachat Quik-Chem AE flow-injection autoanalyzer (Lachat Instruments, Milwaukee, WI). The following P pools were differentiated (Eqs. 2-4):
Dissolved reactive P (DRP) = molybdate reactive P (filtered samples)
Dissolved unreactive P (DUP) = total P (filtered samples) -DRP
Particulate P (PP) = total P (unfiltered samples) -total P (filtered samples)
Total dissolved C (TDC) concentrations were measured by wet combustion with a Shimadzu TOC-V carbon analyzer (Shimadzu Corporation, Kyoto, Japan). The concentrations of NO 3 -N and total N [persulfate digest of filtered water sample (Williams et al. 1995) ] were determined colorimetrically using the cadmium reduction-diazotization method on a Lachat Quik-Chem AE flow-injection autoanalyzer (Lachat Instruments, Milwaukee, WI). Dissolved organic N (DON) was the difference between the NO 3 -N concentration in the persulfate digest and the NO 3 -N concentration in undigested water samples.
Statistical Methods
Results are presented for plots under conventional tillage only. Data were analyzed statistically as a randomized complete block model by two-factor analysis of variance (crop rotation, fertilizer source) using SAS software for Windows, version 8.02 (SAS Institute, Inc., Cary, NC). Soil and crop data were affected significantly (P < 0.001) by the crop rotation × fertilizer source interaction. Subsurface water data were not affected by crop rotation and generally not by the fertilizer source, but repeated measures analysis demonstrated significant (P < 0.001) variation between sampling dates. Means comparisons of significant effects were done with a LSD test at the 95% confidence level. Spearman correlation coefficients were used to analyze the relationships between the nutrient concentrations in subsurface water and soil properties. Data presented in tables and graphs are untransformed means (± standard errors).
RESULTS AND DISCUSSION
Crop Yield, Nutrient Uptake and Soil Nutrient Concentrations Corn and soybean yields were 40 to 50% higher in 2000 than 2001 due to a prolonged drought (35 d without significant precipitation) in July and August of 2001 (Table 2 ; Environment Canada Atmospheric Environmental Branch, unpublished data). Soils amended with organic and inorganic fertilizers produced similar yields in both years (Table 2 ). More N and P were removed from the continuous corn system in the 2000 and 2001 growing seasons than from the corn-soybean rotation because more biomass was harvested in corn silage than from soybeans (Table 3) . The cumulative N removal in the continuous corn system was between 70 and 84% of the cumulative amount of N applied (400 kg N ha -1 ) during the 2000 and 2001 growing seasons. Therefore, our assumptions regarding N availability from composted manure and corn N fertilizer requirements were probably reasonable and there was likely sufficient N in all fertilizer treatments to support corn production. However, only 31 to 67% of the 90 kg P ha -1 applied during the 2000 and 2001 growing seasons was removed at harvest, indicating that P fertilizers were applied in excess of crop P requirements.
After corn harvest in 2001, soil mineral N concentrations were higher in plots amended with 0 and 15 Mg ha -1 composted manure than those receiving 45 Mg ha -1 composted manure (Table 3 ). These differences are probably related to the form of N fertilizer applied, as the 0 and 15 Mg ha -1 treatments under corn production received 200 kg N ha -1 yr -1 and 150 kg N ha -1 yr -1 , respectively, as NH 4 NO 3 . In contrast, the 45 Mg ha -1 treatment received only 50 kg N ha -1 yr -1 as NH 4 NO 3 , banded at seeding. Similar results were observed in soils under soybean production in 2001, but were not clearly related to N fertilization because we did not apply NH 4 NO 3 to the soybeans. In soils under corn production, it appears that there is more N immobilization and/or N loss from soils that receive most of their N from organic than inorganic fertilizers.
The Mehlich-3 P concentrations in the 0-to 15-cm soil depth after harvest in 2001 ranged from 149 to 199 mg kg -1 , but no consistent trends with respect to crop rotations and fertilizer sources were observed (Table 3) . The DSPS M3 level in the 0-to 15-cm depth of soils at the field site was 0.11 when the experiment was established in the spring of 2000 (Table 1 ). Following harvest in 2001, the DSPS M3 levels ranged from 0.10 to 0.14 in the 0-to 15-cm depth, from 0.08 to 0.12 in the 15-to 30-cm depth, and were less than 0.03 in the 30-to 60-cm depth (Fig. 1) . The DSPS M3 in the 0-to 15-cm depth tended to be lower in soils under the soy-bean phase of the corn-soybean rotation than the other cropping systems, but no clear trends with respect to fertilizer sources were observed (Fig. 1) . We expect that differences in Mehlich-3 P concentrations and the DSPS M3 in soils under continuous corn and corn-soybean rotations will emerge if we continue to apply P fertilizers in excess of crop P requirements, but this needs to be confirmed. When equivalent amounts of P were applied to a fine-textured Gleysol for 9 yr, more labile P accumulated in soils amended with liquid dairy manure than triple superphosphate fertilizer (Zheng et al. 2001) . Research is needed to determine whether continued annual applications of composted cattle manure would increase Mehlich-3 P and DSPS M3 levels more than triple superphosphate fertilizer in the longer-term.
Soil Water Chemistry and Nutrient Concentrations
Subsurface water was collected in piezometers inserted to a 60-cm depth and contained from 14 to 39 mg L -1 of TDC, 6 to 26 mg L -1 of total N, and between 0.3 and 1.7 mg L -1 of total P (Fig. 2) . Subsurface water collected on 28 November 2000 contained the highest concentrations of TDC, total N and total P (Fig. 2, Table 4 ). In contrast, subsurface water collected on 2 December 2001 contained the lowest concentrations of total P (Fig. 2, Table 4 ). Similar quantities of rain fell in the 3 d before these water samples were collected (24.6 mm of rain before 28 November 2000, 33.3 mm of rain before 2 December 2001), but soils were much drier in the autumn of 2000 than autumn 2001. The total precipitation in October and November 2000 was 88.3 mm, while 160.8 mm of precipitation fell in October and November 2001 (average precipitation for this period is 168.8 mm; Environment Canada Atmospheric Environmental Branch, unpublished data). Our findings are similar to those of Beauchemin et al. (1998) , who found that total P concentrations in tile drainage were higher when drainage water was collected in autumn after heavy rainfall on dry soils than when it rained regularly and soils were wetter.
Although seasonal variation in the nutrient concentrations of subsurface water appear to be related to rainfall patterns (Brye et al. 2001; Simard et al. 2000) , we did not find such a clear trend in this study. Rainfall affected our ability to collect subsurface water in the autumn and we found that most piezometers contained a water sample 3 d after an event that delivered at least 20 mm of precipitation. However, in the spring we collected subsurface water even when there had been little precipitation (0 to 7.5 mm) in the preceding three days (Environment Canada Atmospheric Environmental Branch, unpublished data). When soils are saturated in the spring due to snowmelt and subsurface recharge, we suggest that rainfall may not be the most important factor controlling the concentrations of TDC, total N and total P in subsurface water, but this remains to be confirmed.
Generally, there was no difference in the nutrient concentration of subsurface water that could be attributed to the types of fertilizer applied, with the exception of TDC con- (Fig. 2) . Other workers have shown that more dissolved C is leached from soils amended with animal manure than unamended soils (Bhogal and Shepherd 1997; Rochette and Gregorich 1998; Bol et al. 1999) .
The TDC concentrations in subsurface water we report are consistent with literature values. Equilibrium-tension lysimeters installed 1.4 m below chisel-plowed and notillage corn agroecosystems typically contain between 15 and 60 mg TDC L -1 (Byre et al. 2001 ). The TDC concentration in subsurface water was correlated with NO 3 -N, DRP and DUP concentrations (Fig. 3) , but not to PP or DON concentrations (data not shown). The positive correlations observed between TDC and NO 3 -N, DRP and DUP suggest that similar factors affect the leaching of these nutrients through the soil profile. Although the TDC concentrations were higher in subsurface water from soils amended with 45 Mg ha -1 y -1 of composted manure than the other fertilizer 
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treatments by the spring of 2002, the concentrations of NO 3 -N, DRP and DUP in subsurface water were not affected by the fertilizer treatments. Further study is needed to determine whether the concentrations of dissolved C, N and P in subsurface waters are related to agricultural practices or to other factors, such as soil hydrology. Nitrate was the major form of N collected in subsurface water at all sampling dates (Table 4 ). In corn production systems, mean NO 3 -N concentrations in drainage discharge may range from 4 to 43 mg NO 3 -N L -1 (Milburn and Richards 1994; Jaynes et al. 2001; Elmi et al. 2002) , which is consistent with the NO 3 -N concentrations we found in subsurface water. At some sampling dates, the average NO 3 -N concentrations in subsurface water exceed the Canadian drinking water standard of 10 mg NO 3 -N L -1 (Health and Welfare Canada 1996) . The total N, DON and NO 3 -N concentrations in subsurface water during the period between harvest and spring field operations were not correlated with the NO 3 -N or mineral N concentrations in soil (0 to 15 cm) after harvest (Table 5) . It is not clear from this study how crop rotations and fertilizer N sources (inorganic, organic) affected N concentrations in subsurface water, and additional monitoring is needed to determine if certain agricultural practices pose a greater risk to groundwater pollution with NO 3 -N than others.
The total P concentrations in subsurface water collected during the study period are within the range of 0.01 to 1.17 mg total P L -1 in tile drains from 27 sites in Quebec reported by Simard et al. (2000) . The total P concentration in subsurface water from our site exceeded the Quebec provincial surface water quality standard of 0.03 mg total P L -1 at all sampling dates (Ministere de l'Environnement du Quebec 2000). Our findings indicate that the quantities of P leached below the root zone in annually cropped, conventionally tilled soils are above those required to stimulate eutrophication. Gächter et al. (1998) estimated that more than half of the soluble reactive P draining into surface waters was leached from soils, contributing to the eutrophication of Lake Sempach, Switzerland. Therefore, subsurface P transport must be considered in models aimed at predicting the risk of water contamination with P from agricultural soils.
Particulate P was the dominant form of P collected in subsurface water at most sampling dates (Table 4 ). The forms of P collected in tile drainage are related to anecent soil Fig. 2 . Concentrations of total dissolved C (TDC), total N and total P in subsurface water from piezometers installed at a 60-cm depth in conventionally tilled soils. Data were pooled among crop rotations. The sampling dates when TDC concentrations varied significantly (P < 0.05, LSD) among fertilizer treatments are indicated with an asterisk. moisture and rainfall events, and PP concentrations are typically higher in tile drainage experiencing poststorm flow conditions (heavy rainfall following a dry period) than base flow conditions (Beauchemin et al. 1998; Simard et al. 2000) . We found that PP was between 58 and 89% of the total P pool in subsurface water samples collected in a poststorm period (e.g., 28 November 2000) and in the spring following snowmelt (Table 4) . It is clear that reducing the PP concentration in subsurface water would significantly lower the quantity of P leached through the soil profile, and further research is needed to determine the mechanisms governing PP transport through soils.
The narrow range of Mehlich-3 P and DSPS M3 values in our soils made it difficult to determine relationships, such as the "change point", between P concentrations in soil and subsurface water. Other workers have studied soils with a wider range of STP values (Heckrath et al. 1995; Leinweber et al. 1999; Maguire and Sims 2002; Sims et al. 2002) or added P fertilizer to increase the STP concentrations (McDowell and Sharpley 2001b) . Routine soil testing in Québec evaluates in surface soils (0-to 15-cm depth), which is why we looked for relationships between these parameters and the P concentration in subsurface water. The DRP concentration in subsurface water was positively correlated with the Mehlich-3 P concentration in soil (0 to 15 cm) after harvest, whereas total P and PP concentrations in subsurface water were positively correlated to the DSPS M3 level in soil (0 to 15 cm) after harvest (Table 5 ). The correlation between DRP and Mehlich-3 P concentrations implies that the Mehlich-3 P test could indicate how much soluble P moves through the soil profile. Yet, total P and PP concentrations in subsurface water were better correlated with the DSPS M3 level, which may indicate that the P content of particles transported in subsurface flow increases with increasing DSPS M3 levels. We also found that total P and PP concentrations in subsurface water were positively correlated with the Mehlich-3 (P/[Al + Fe]) saturation ratio, but the correlation coefficients (r) were lower for this saturation ratio than the Mehlich-3 (P/Al) saturation ratio (DSPS M3 ) we used (data not shown).
Other workers have found relationships between Mehlich-3 P and the concentration of DRP leached from intact soil columns (McDowell and Sharpley 2001b) , but the DRP in leachates from intact soil cores was more strongly related to the Mehlich-3 (P/[Al + Fe]) saturation ratio (r 2 = 0.87) than the Mehlich-3 P concentration (r 2 = 0.58) Sims et al. 2002) . Total P concentrations in lysimeters permanently installed 1.25 m below coarse-textured soils was correlated better with the DSPS than Olson-P (Leinweber et al. 1999) . Our results suggest the quantities and forms of P leached in a silty-loam Gleysol are related to the Mehlich-3 P and DSPS M3 levels in the 0 to 15 cm depth. Additional study on soils with a wider range of STP and DSPS values is needed to confirm these relationships and develop models of subsurface P loss for soils in Québec.
CONCLUSIONS
Organic and inorganic fertilizers were applied at agronomic rates to a conventionally tilled silty-loam Gleysol under corn and soybean production for 2 yr. Between 70 and 84% of the N applied (200 kg N ha -1 y -1 ) during this period was exported in corn silage, but only 31 to 67% of the P applied was removed in continuous corn and corn-soybean rotations, suggesting that the P fertilizer rate (45 kg P ha -1 yr -1 ), chosen to match the P requirements of the corn crop, was excessive. Surface (0 to 15 cm) soils contained 149 to 199 mg Mehlich-3 P kg -1 and the DSPS M3 levels ranged from 0.10 to 0.14 after harvest in 2001. Subsurface water was collected from piezometers installed to a 60-cm depth from November 2000 to April 2001, and from November 2001 to May 2002. Subsurface water contained 14 to 39 mg TDC L -1 , 6 to 26 mg total N L -1 and 0.3 to 1.7 mg total P L -1 . Nitrate and PP were the dominant forms of N and P in subsurface water at most sampling dates. The N and P concentration in subsurface water often exceeded water quality standards, but were not affected by the crop rotation or type of fertilizer applied. The Mehlich-3 P concentrations in soil following harvest was correlated with the DRP concentration, whereas the DSPS M3 level was correlated with the total P and PP concentration in subsurface water. We conclude that these soil test parameters could be useful indicators of subsurface P losses from Québec soils. *, **, *** Significant at P = 0.05, P = 0.01 and P = 0.001, respectively.
